Three peaks of methyltransferase activity specific for MNNG alkylated DNA have been identified from extracts of chemically adapted M_. luteus. They are designated as TI to Till in order of their elution from a Sephadex G-75 column. The first one of these peaks has been purified to homogeneity. TI, is an inducible, unusually salt resistant, heat labile protein which corrects 0 -methylguanine in alkylated DNA by the transfer of the O -alkyl group to a cysteine amino acid in the TI protein. There is a stoichiometric relationship between the loss of 0 -methylguanine from the DNA and the production of S-methylcysteine.
INTRODUCTION
Monofunctional alkylating agents such as N-methyl-N-nitroso urea (MNU), N-methyl-N-nitro-N-nitrosoguanidine (MNNG) and the metabolically active form of dimethylnitrosamine (DUN) display a high reactivity towards oxygen atoms in DNA (1) . Exocyclic oxygens in DNA bases and internucleotide phosphate groups are a common site of attack, yielding a variety of alkylation products which have different physiological effects (2) . The presence of 0 -methylguanine, 4 2 0 -methylthymine or O -methylthymine in template DNA lead to incorrect nucleotide incorporation during _in vitro synthesis of new DNA (3) (4) (5) . Alkyl phosphotriesters,on the other hand,result in reduced template-directed DNA synthesis (6) .
The ability of living cells to survive the mutagenic effects of alkylating chemicals can be attributed to an efficient repair of potentially mutagenic lesions during post treatment incubation. This inherent repair capacity is further improved by pretreatment of cells with sub-lethal concentrations of MNNG. In E. coli, induced resistance requires a functional ada gene (7) , located at 47 min on the standard genetic map (8) . This antimutagenic system is different from SOS response and totally independent of recA, which in activated form promotes the cleavage of lexA repressor, allowing for the increased transcription of about 17 repressed genes (9, 10) . On the contrary, the ada gene positively controls its own expression (11, 12) .
The ada gene has been cloned in an expression vector system and the gene product has been purified to homogeneity (12) (13) (14) (15) (16) (17) . This protein (MW 39000)is readily cleaved by proteolysis into two fragments. One of the fragments, having a molecular weight of 19 Kd is a methyltransferase that corrects 0 -methyl-4 guanine and O -methylthymine in alkylated DNA by transfer of the methyl group to a specific cysteme residue (18) . This protein also abstracts a methyl group from one of the two stereoisomers of methyl phosphotriesters (16, 17) .
We have been studying the repair of oxygen alkylation products in t±. luteus cells and have recently demonstrated from Jji vitro studies that adapted H. luteus cell extract contains inducible proteins which can correct 0 -methylguanine, 0 -methylthymine and one half of alkyl phosphotriester residues by transmethylation (19) (20) (21) . In this communication we report the resolution of three methyltransferase proteins designated as TI, Til and Till in order of their elution on a Sephadex G-75 column. This nomenclature is tentative, pending identification of their structural genes and complete substrate specificity. Tl enzyme has been purified to homogeneity and it shows absolute specificity for 0 -MeG with no cross reactivity against 0 -MeT or alkyl phosphotriesters. Partially purified Til and Till proteins exhibit 4 specificity for 0 -MeT and one of the two stereoisomers of alkyl phosphotriesters respectively.
A preliminary report of this work has been published (22) .
MATERIALS AND METHODS
All materials and experimental methods, with the exception of those stated below, have been described in preceeding publications (19, 20) . Additional enzymes and chemicals used in the following studies were obtained from Sigma Chemical Company and E 1 .Merck respectively. Highly polymerized calf thymus DNA was purchased from Worthington Biochemical Corporation, USA and synthetic homopolymers were purchased from P-L Biochemicals Inc., USA.
Methylation of DNA and Homopolymers
Sixty umole of calf thymus DNA or 100 nmole of synthetic homopolymer was alkylated with 2.5 mCi of N-( H)-methyl-N-nitro-N-nitrosoguanidine according to previously described procedures (20) . The final DNA preparation with a specific activity of 200cpm/nmole, contained 66% of its total radioactivity as 7MeG, 1% 7MeA, 9% 3MeA, 1.8% 3MeG, 10% 0 -MeG, 2% 3MeT, 2% O -MeC, To confirm the identity of resolved components, alkylated purine and pyrimidine derivitives were eluted from chromatograms developed in n-butanolethanol-water solvent system and further analysed by reverse phase HPLC on partisil-10 ODSII (25x0.4 cm) eluting with a linear gradient (0-50%) aqueous methanol over 60 rain, with a flow rate of 1.5 ml/min. Fractions of 1 min, were collected and radioactivity was determined after the addition of Instagel.
Authentic markers were detected by their UV-absorbance at 254 nm.
In experiments employing synthetic horoopolymer as the substrate, the contents were resolved by chromatography on either Silica Gel thin layer plates using C:acetone-benzene (2:1) solvents or by reverse phase HPLC, as above.
Enzyme Assays
The standard reaction mixture contained 5x10 M Hepes-KOH pH 7.6, lxl0~ M EDTA, 5x10" M NaCl, lxio" M 2-mercaptoethanol, 5% glycerol, 60 nroole of alkylated DNA or 5 nmole of modified homopolymer and 0.1-0.8 micro units o of the enzyme. The reaction contents were incubated at 37 for 30 min, followed by precipitation with 2 vol of 99% ethanol to yield a supernatant containing free modified bases that had been removed by the action of DNA glycosylase enzymes.
The DNA pellet was redissolved in 25Oul of a buffer containing 1x10 M Tris-HCl, 5xl0~ M MgCl and treated with SOOug of proteinase K at 37° for 1 h, followed by ethanol precipitation to yield a supernatant containing hydrolyzed protein fractions. The radioactive contents of the ethanol supernatant were counted as above. The remaining DNA pellet was hydrolyzed to constituent nucleosides by treatment with pancreatic DNase I, snake venom phosphodiesterase and alkaline phosphatase as described earlier (20) . The DNA hydrolyzate was resolved by either two dimensional paper chromatography or high pressure liquid chromatography (20) . One unit of O -methylguanine methyltransferase is defined a6 the amount of enzyme which corrects 2.4 umole of O MeG residues per minute under the standard assay conditions.
Amino Acid Analysis of Methylated Proteins
In experiments where transfer of methyl group to amino acid residues in the methyltransferase protein was examined, the reaction contents were 20 fold increased. After the first incubation during which the O -MeG content of DNA was repaired, the reaction mixture was incubated the second time, in the presence of O.25mg/ml each of proteinase K and Amino peptidase M at 37 . This treatment resulted in complete hydrolysis of proteins into constituent Amino acids which were resolved by chromatography on Whatman 3MM paper using D:butanol-ethanol-water (2:2:1) and E:methanol-pyridine-water (20:5:1).
Authentic markers were used to locate different amino acids.
Miscellaneous
Protein was determined by the method of Lowry et al. (24) using bovine serum albumin as a reference. Salt gradients were checked with a Radiometer conductivity meter. All pH measurements were made at a buffer concentration of 50mM at room temperature.
Concentrations of substrate materials were expressed as nucleotide phosphorous equivalent.
Enzyme Purification
Adapted H. luteus cells (75g) were suspended in 600ml of extraction buffer containing 1.5xl0~2M Tris-HCl pH 7.8,5xl0~3H EDTA,5xl0~4H 2-mercapteothanol, 5% glycerol and 2ug/ml aprotinin. The cell suspension was lyzed and treated exactly as described in a preceding publication (23) .
RESULTS
A summary of the purification procedure is given inTable I. All operations were performed at 4°. Centrifugations were carried out for 30 min at 20,000 g.
Crude Cell Extract.
Chemically adapted M. luteus cells (75g) were lyzed with lysozyme-EDTA Gel Chromatography.
Pool II was chromatographed on a column(13.9 cm xlOO cm) of Sephadex G-75, equilibrated with buffer A. Three distinctly separate peaks of methyltransferase activity specific for MNNG alkylated DNA were resolved (Fig.l) .
These are designated as TI, Til, and Till in order of their elution. All three activities were inducible proteins and their synthesis was sensitive to the presence of 170 ug/ml of chloramphenicol during adaptation. The level of these enzymes in the wild type parent M. luteus was undetectable. TI enzyme was eluted coincident with the early part of the major protein peak. Til enzyme eluted later than the constitutive 3 methyladenine DNA glycosylase (MW 28,000)but before the 3,7 methylpurine DNA glycosylase (MW 22,000) enzyme (23) . Till enzyme was a relatively small protein, elutmg in the vicinity of cytochroroe c marker (MW 13000) . Active fractions in peak I were combined (Pool III) and TI enzyme was further purified to homogeneity (see below) whereas active fractions of the remaining two peaks were separately pooled, concentrated tenfold in an
Amicon ultrafiltration cell equipped with a Diaflo PM10 membrane and used without further purification.
DEAE-52 Chromatography.
Pool III was dialyzed for 4h against buffer B (1.5xl0~2M Tris-HCl pH 7.8,lxl0~ M EDTA, 5xl0" 4 M 2-mercaptoethanol, 5% glycerol) and applied to a DE52 column(4.9 cm x25cm) previously equilibrated with the same buffer.
Under these conditions, 90% of the enzyme adsorbed to the column. The adsorbed proteins were subsequently eluted by a linear gradient (2x90 ml) between buffer B and 0.75M NaCl in buffer B. The enzyme was eluted as a single symmetrical peak at 0. 3M NaCl before the bulk of the adsorbed protein (pool IV) .
This column removed the last traces of nucleic acids and was an essential step to ensure complete adsorption during subsequent purification steps.
Phosphocellulose Chromatoqraphy.
A column of phosphocellulose (4.9cm x25cm)was equilibrated by washing DNA Cellulose Chromatography.
Pool V was dialyzed for 4h against buffer A and applied to a column of DNA-cellulose(0.3cm x6cm) equilibrated with the same buffer. After washing the column with 5ml of buffer A, the enzyme was eluted with a linear gradient (2xl0ml) between the column buffer and 0.5M NaCl in the same buffer. The enzyme was eluted as a single symmetrical peak of activity at 0.3M NaCl and the most active fractions were combined (pool VI) , dialyzed against buffer B and stored in several small aliquots at -70°.
Pool VI contains TI methyltransferase enzyme, 2235 fold purified in 5%
yield (Table I) . It is not a homogeneous enzyme, as polyacrylamide gel electrophoresis under denaturing conditions (25) revealed the presence of three protein bands, and only one of these contained enzyme activity after elution. The enzyme was further purified to homogeneity using preparative polyacrylamide gel electrophoresis (26) as a final purification step.
Purified TI enzyme was free from endonuclease and exonuclease activities against 0xRFI or phage DNA. Further, it resulted in no loss to transforming activity of Bacillus subtilis DNA when incubated with the DNA under the standard assay conditions. The highly purified preparation obtained after prepartative polyacrylamide gel electrophoresis, was very stable when stored at -70 in buffer A containing 1x10 M 2-mercaptoethanol. However, the enzyme was very unstable, undergoing complete inactivation in one week when the enzyme was stored in the buffer devoid of 2-mercaptoethanol.
Molecular Height.
The Stokes radius of TI enzyme was determined by chromatography with o three reference enzymes on a Sephadex G-75 column to be 32 A. Molecular weight of the isolated protein is estimated, according to Svedberg equation (27) , at 31000±1000.
General Requirement.
The TI enzyme has a broad pH optimum at 7.2-7.8. There is no absolute requirement for divalent cations, and the enzyme is optimally active in the presence of 1x10 M EDTA. The enzyme is unusually resistant to neutral salts.
At 500mM NaCl or KC1, the enzyme exhibits normal levels of activity observed in the absence of salt (Table II) . The enzymatic activity is sensitive to the presence of CaCl . At lOmM concentration the enzyme activity was reduced to 23% of original activity. Addition of ATP, NAD , NADP or FAD(l-5mM)has no appreciable effect on the enzyme activity (Table II) . Similarly, the presence of spermidine (1x10 M), has no effect on enzyme activity (Table II) When enzyme reaction mixtures were supplemented with 2mM free alkylated bases, O -methylguanine, O -methylthymine, 0 -methylpyrimidines, 3 methy1-purines or 7 methyIpurines, there was no effect on the activity of TI enzyme (Table II) . Similarly, there was no effect of the addition of free cysteine, S-methylcysteine or glutathlone at 5x10 M concentration (Table II) . In this regard, TI methyltransferase resembles the E.coli O -MeG methyltransferase.
Activity on Alkylated DNA.
When an excess of the TI enzyme was reacted with MNNG alkylated calf thymus DNA in the standard reaction mixture, 98% of 0 -methylguanine residues in the substrate DNA were corrected within the first 2 min incubation, however. Methyltransferase activity was determined by the enzyme assay (see methods) using MNNG alkylated and heated DNA. The standard assay condition with the additions noted here, were usedÔ ther methylated bases included O -MET,0 -MeT, 3MeA, 3MeG, 7HeA, 7MeG. Cofactors included ATP, NAD , NADP or FAD.
when the level of TI protein was limited to 50% saturation, the reaction came to a stop after correcting only one half of O -methylguanine content of DNA (Fig.2) . At this stage, addition of fresh substrate did not change the reaction equilibrium whereas addition of more enzyme led the reaction to completion with the simultaneous generation of proportionate amounts of S-methylcysteine.
The time course of the reaction in Fig.2 shows that the total sum of S-methylcysteme generated and O -methylguanine remaining in substrate DNA, was nearly Lack ot Activity Against other Alkylation Products.
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The ability of TI enzyme to repair 0 -methylthymine, O -methylthymine and methyl phosphotriesters was investigated by using poly dA: alkylated poly dT as substrate in the standard reaction assay. At 20-fold concentration, 4 2 there was no activity of TI enzyme on O -MeT, O -MeT or methyl phosphotriesters (Fig.3) , Under similar conditions, E^. coll ada enzyme repaired 90% of the 0 -MeT and 47% of the methyl phosphotriesters (Fig.3 ). These results demonstrate absolute specificity of the TI enzyme for O -methylguanine residues in alkylated DNA.
The activity of partially purified protein extract of adapted M. luteus cells for O -MeT and methyl phosphotriesters, reported previously (21) is accounted for by the activities of Til and Till enzymes respectively. When an excess of partially purified Til enzyme was incubated with poly dA: alkylated poly dT, the enzyme repaired 93% of the O -MeT content of the substrate (Fig.3) by self methylation of Til protein. Therefore, there is no cross specificity 6 4 between the two proteins, however, the mode of repair of 0 -MeG and O -MeT are similar involving direct reversal of the damaged residues by transfer of the methyl groups to specific cystein residues.
Peak III activity exhibits specificity for methyl phosphotriester in poly dA: alkylated poly dT, however, the extent of repair was limited to a maximum of 46* even at ten fold enzyme concentration (Fig.3) . When poly dA: alkylated poly dT was substituted with other alkylated substrates, the proportion of repairable methyl phosphotriester residues remained unchanged (unpublished data). Thus, in similarity with the repair by the ada protein (Fig .3) it is inferred that peak III enzyme repairs only one of the two stereoisomers of methyl phosphotriesters.
Secondary Structure of Substrate DNA
The repair of O -methylguanine modifications in alkylated DNA is markedly dependent on the secondary structure of the substrate. While double stranded MNNG DNA is an effective substrate, single stranded DNA is only attacked at a very slow rate (Fig.4 ). There appears to be no activity of the enzyme on free O -methylguanine base residues 6ince addition of free modified base does not compete for enzyme activity in a standard assay (Table II) . The activity TI enzyme has been purified to homogeneity and its catalytic properties studied.
The purified enzyme has no requirement for cofactor or cations, 6 corrects 0 -methylguanine in alkylated DNA by stoichiometric transfer of the methyl group to a cysteine residue of TI protein. There is no doubt that TI protein is required as a catalyst in the reaction involving transfer of the alkyl group from 0 -alkylguanine in DNA to the receptor site, however, it is not clear if the site on the protein involved in recognition and methylation is the same. In any event, the two sites must be located on the same protein even if they are different sites since the TI protein used in these studies is a homogeneous protein.
The present results provide evidence that repair of 0 -alkylguanine in M. luteus is similar to that found in j:. coli in that the alkyl group is stoichiometrically transferred to a cysteine residue on a protein regenerating guanine in the DNA. There is a striking resemblance between the TI protein and E. coli 0 -methylguanine methyltransferase (15) (16) (17) . Both enzymes require no divalent metal ions or cofactors for activity (Table III) . Both proteins act on double stranded alkylated DNA with high efficiency, exhibit similar monophasic heat mactivation profiles and are not product inhibited. Despite these similarities there are discrete differences between the two proteins (Table III) It has been demonstrated that E. coli 0 -methylguanine methyltransferase 6 4 shows a preference for 0 -MeG base residues and repair of 0 -MeT is initiated when all of the 0 -MeG base residues have been repaired (29) . This property of the enzyme is of significance in controlling cellular resistance against 
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Results reported above were obtained in the author's laboratory except molecular weight determination, cited from Teo, e_t a_l^ (28).
alkylation mutagenesis. In the M. luteus system, there is obviously no such competition since the two mutagenic lesions (4, 5) are corrected by different proteins.
The E. coli 0 -methylguanine methyltransferase is a proteolytic fragment of 39Kd ada gene which maps at 47 min on the standard E. coli map (8) . The ada gene has been sequenced and the gene product has been purified to homogeneity from an expression vector system (12) (13) (14) (15) (16) (17) . From the use of cell free system, it has been established that the ada gene positively controls its own expression. Self methylation of the ada protein by transfer of a methyl group from a phosphotriester in alkylated DNA to a cysteine residue (Cys.69) in the protein converts it to an activator of transcription. Thus the ada product serves both regulatory and enzymatic functions in the repair of damaged DNA.
In the J4. luteus system, at this stage, it is not clear if a similar system operates. It is quite possible, that the three proteins are regulated by three distinctly different structural genes. Further purification of Peak II and Peak III enzymes and cloning of their structural genes will help to clarify this point.
We have previously established that chemically adapted M. luteus cell extract can quantitatively correct O -MeG (19) and O -MeT (20) residues in alkylated DNA. We have also established that repair of methyl phosphotriesters in alkylated DNA is limited to only one half of the total modifications (21) .
The present studies demonstrate that the previously observed repair is effected by TI, Til and Till proteins. Although these studies do not establish the stereospecific nature of repairable methyl phosphotriesters, it may be assumed
